Introduction
============

Bone is one of the most common sites for distant metastases from breast cancer ([@B1]). Once bone metastases have occurred, they cannot be cured, and the patient 5-year survival rate falls from 95% to 20% ([@B2]). Bone metastasis is associated with significant morbidity due to the disruption of bone architecture and mineral homeostasis, which leads to hypercalcemia, pathological fractures, and considerable pain burden.

To home and grow in the bone, cancer cells need to establish successful interactions with the bone microenvironment. Bone is a dynamic tissue that provides support and protection for organs and maintains body mineral homeostasis. Bone is constantly remodeled by the coordinated action of specialized bone cells---osteoclasts that destroy bone and osteoblasts that build bone ([@B3]). Osteoclasts are cells of hematopoietic origin that resorb bone by lowering the extracellular pH to dissolve hydroxyapatite crystals and release proteolytic enzymes, such as cathepsin K and matrix metalloproteinase-9 (MMP-9),[^4^](#FN5){ref-type="fn"} to digest the organic matrix ([@B4]). Osteoblasts are derived from mesenchymal stem cells and secrete the extracellular matrix which later mineralizes to form bone. Major pathways controlling osteoblast differentiation include Wnt/β-catenin, Notch, and TGFβ signaling ([@B5][@B6][@B7]). The formation of osteoclasts is regulated by cells of osteoblastic lineage, which produce the proresorptive cytokine, receptor activator of NF-κB ligand (RANKL), as well as its negative regulator, soluble decoy receptor osteoprotegerin (OPG).

The presence of a developing tumor has been suggested to alter the microenvironment of distant sites even before the tumor cells arrive, thus forming a "premetastatic niche" that facilitates homing of tumor cells and development of metastatic lesions ([@B8][@B9][@B10]). With regard to the bone, tumor cells have been suggested to simulate the behavior of hematopoietic stem cells ([@B11]), which allows them to harvest resources from the hematopoietic stem cell niche to establish neoplasms ([@B12]). The importance of osteoblasts as key regulators of the hematopoietic stem cell niche has been established ([@B13], [@B14]); however, their role in the formation of a premetastatic niche has not been assessed. It has been shown that breast cancer cells inhibit osteoblast differentiation and induce osteoblast apoptosis ([@B15][@B16; @B17][@B18]). Osteoblasts are central for the osteolytic effects of breast cancer cells, which do not secrete RANKL themselves ([@B19]), but produce factors such as parathyroid hormone-related protein ([@B20]) that stimulate osteoblasts to produce RANKL while inhibiting production of OPG ([@B21][@B22][@B23]). In turn, RANKL stimulates osteoclast formation, often leading to catastrophic bone destruction ([@B24], [@B25]). In addition, we have previously shown that breast cancer-derived factors can directly induce osteoclastogenesis from late osteoclast precursors ([@B26], [@B27]). During bone resorption, growth factors trapped in the bone matrix, such as TGFβ and insulin-like growth factor, are released and act back on the tumor cells to stimulate their growth ([@B28], [@B29]). Several cytokines have been implicated in the progression of cancer metastasis, with TGFβ ([@B30]) and Wnt signaling inhibitor DKK-1 ([@B18]) being of considerable importance in the metastatic process. In addition, Notch signaling has been implicated in the control of the hematopoietic stem cell niche ([@B31], [@B32]) as well as in cancer development ([@B33]), suggesting that it can also play a role in formation of the premetastatic niche. Notch signaling is initiated by ligand binding, which induces γ-secretase-mediated release of the Notch intracellular domain (NICD), which translocates to the cell nucleus and alters gene expression ([@B33]).

In this study, we examined the effect of breast carcinoma cells on the bone marrow cultures that retain potential for differentiation into both osteoblasts and osteoclasts and thus better represent the complex bone microenvironment. Our data demonstrate that soluble factors produced by breast cancer cells inhibit osteoblast differentiation and stimulate osteoblast-dependent osteoclast differentiation, as a result augmenting subsequent attachment of breast cancer cells to bone cells. We also present evidence for a critical role of γ-secretase in these effects.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Test Compounds

[l]{.smallcaps}-Ascorbic acid (AA, Sigma, A5960) was freshly prepared and added to the medium on the day of medium change. LiCl (Sigma, L0505) was diluted in water, SB 216763 (Tocris Bioscience, 1616), SB 431542 (Tocris Bioscience, 1614), DAPT (Calbiochem, 565770), Compound E (CE; Calbiochem, 565790) were diluted in dimethyl sulfoxide, which was used as a vehicle (0.1%) in corresponding experiments. All inhibitors were present during the whole culture period. OPG (Sigma, 08137), and pan-specific TGFβ antibody produced in rabbit (R&D Systems, AB-100-NA) were incubated with MDA-MB-231 conditioned medium (CM) for 10 min before adding to cultures.

#### Cell Cultures

The MDA-MB-231 and MCF7 human breast carcinoma cell line, 4T1 murine breast carcinoma cell line, and MCF10A human mammary epithelial cells were kindly provided by Dr. P. Siegel (McGill University) and cultured as described previously ([@B26]). The MC3T3-E1 mouse preosteoblastic cell line was kindly provided by Dr. M. T. Kaartinen (McGill University). Cells were cultured to 50% confluence, except for MCF10A, which was cultured to 100% confluence, in T-75 tissue culture flasks. Conditioned medium was collected after 48 h of incubation, centrifuged at 2000 rpm for 5 min, aliquoted, and stored at −80 °C.

All animal studies were performed in accordance with the McGill University guidelines established by the Canadian Council on Animal Care. Mice (C57BL6/J, male, 6 weeks old) were purchased from Charles River. Mouse-derived bone marrow cells were collected from mouse tibia and femora under aseptic conditions as described previously ([@B34]). Bone marrow cells were plated at a density of 2.5 × 10^6^ cells/cm^2^ and cultured in minimal essential medium supplemented with 1% penicillin-streptomycin (Wisent, 450-201-EL) and 10% fetal bovine serum (Hyclone, SH 30396-03). One day after plating, 50 μg/ml AA was added to induce osteoblast differentiation, and CM from the indicated cells (10%) was added to experimental cultures. All cultures were supplemented with fresh medium every other day. On the indicated days, samples were fixed with 10% formalin and stained for alkaline phosphatase (ALP; Fast Red, Sigma, F4381), tartrate-resistant acid phosphatase (TRAP; Sigma, 387A) and analyzed using BioQuant software. Mineralization was assessed using Von Kossa staining (Sigma, S6506). Pit resorption assay was performed as described previously ([@B35]).

#### Cell Proliferation Assays

Bone marrow cells were plated in 96-well flat-bottom plates at a density of 2.5 × 10^6^/cm^2^ and cultured as described. Proliferation assay was performed after 9 days of culture using the BrdU CHEMICON Cell Proliferation Assay kit (Millipore, 2750) according to the manufacturer\'s instructions. Absorbance was measured at 450 nm using a microplate reader (Beckman Coulter AD340), with a higher optical density indicating a higher BrdU concentration in the sample.

#### RNA Isolation and RT-PCR

Total RNA was isolated from primary cultures using the RNeasy mini kit and QIAshredder columns (Qiagen, 74104 and 79654). For real-time PCR, 2 μg of total RNA was reverse transcribed using a cDNA archive kit (Applied Biosystems, 74322171). Real-time PCR was performed using 7500 Applied Biosystems instrument, with TaqMan Universal PCR Master Mix (Applied Biosystems, 4304437) and the following TaqMan gene expression assays: *TRAP* (Mm00475698_m1), *MMP-9* (Mm00600163_m1), *cathepsin K* (Mm00484036\_ m1), *osterix* (Mm00504574_m1), *collagen-1a1* (Mm00801666_g1), β-*actin* (Mm00607939_s1), *RANKL* (Mm00441908_m1), *OPG* (Mm01205928 \_m1), *Hey1* (Mm00468865_m1), and *Hes1* (Mm 01342805_m1). Real-time PCR for *Runx2*, *Delta1*, *JAG2*, *Cyclin A*, *Cyclin D1*, *p53*, and *GAPDH* was performed using SYBR Green Universal PCR Master Mix (Applied Biosystems, 4367659) and the following primers: *Runx2* forward, TGGCTTGGGTTTCAGGTTAG, and reverse, TCGGTTTCTTAGGGTCTTGGA; *Delta1* forward, TTGGGCTTCTCTGGCTTCAAC, and reverse, CCACACACTTGGCACCGTTAG; *JAG2* forward, CAAGTTCTGTGACGAGTGTGTCCC, and reverse, TTGCCCAAGTAGCCATCTGG; *Cyclin A* forward, CTGCCTTCCACTTAGCTCTC, and reverse, GAGGTAGGTCTGGTGAAGGT; *Cyclin D1* forward, CAGAAGTGCGAAGAGGAGGTC, and reverse, TCATCTTAGAGGCCACGAACAT; *p53* forward, CACAGCGTGGTGGTACCTTA, and reverse, GCACAAACACGAACCTCAAA; *GAPDH* forward, TTCCGTGTTCCTACCCCCAA, and reverse, GATGCCTGCTTCACCACCTT.

#### Immunofluorescence and Apoptosis Assay

Cells plated on glass coverslips were fixed with 10% formalin and immunostained as described previously ([@B36]). We used monoclonal antibody for β-catenin (Cell Signaling, 9587) and NICD (Santa Cruz Biotechnology, sc-6014). Staining was completed with biotinylated goat anti-mouse IgG (Invitrogen, A10519) and Alexa Fluor 488-conjugated streptavidin (Invitrogen, S11223). Nuclei were counterstained using DAPI dihydrochloride (Invitrogen, D1306). Ten random images/experimental condition were collected in each experiment, each image containing 8--25 precursors. Cell counts were performed by counting DAPI-labeled nuclei. Nuclear fluorescence intensity was evaluated using Volocity software, by first circling DAPI-labeled nuclei and then assessing the average fluorescence of the protein of interest within that area. For evaluation of apoptosis, nuclear morphology was examined and rated positive for apoptosis if it exhibited nuclear condensation and a loss of membrane integrity. The rate of apoptosis was estimated as a proportion of cells demonstrating nuclear fragmentation from the total number of cells analyzed. In addition, the fluorescent-tagged annexin-V was used to detect apoptotic cells (Santa Cruz Biotechnology, sc-4252-AK). Live cultures were rinsed with PBS and incubated with the FITC-annexin in the supplied incubation buffer for 15 min at room temperature. Cultures were then fixed in 10% formalin, stained with DAPI, and immediately examined. 182--487 cells/experimental condition were scored.

#### Immunoblotting

For protein isolation, cells were treated with lysis buffer containing 50 m[m]{.smallcaps} Tris, pH 8.0, 150 m[m]{.smallcaps} NaCl, 1% Nonidet P-40, 2 m[m]{.smallcaps} EDTA, and protease inhibitor mixture. Nuclear extraction was conducted using lysis buffers, first of 10 m[m]{.smallcaps} Tris, pH 8, 1.5 m[m]{.smallcaps} MgCl~2~, 5 m[m]{.smallcaps} KCl, 0.5 m[m]{.smallcaps} DTT, 0.1 [m]{.smallcaps} PMSF, 0.5% Nonidet P-40, and second of 20 m[m]{.smallcaps} Tris, pH 8, 25% glycerol, 1.5 m[m]{.smallcaps} MgCl~2~, 0.5 m[m]{.smallcaps} DTT, 0.1 [m]{.smallcaps} PMSF, 0.2 m[m]{.smallcaps} EDTA, and 0.4 m[m]{.smallcaps} NaCl. Immunoblotting was performed as described previously ([@B26]) using anti-RANKL (Santa Cruz Biotechnology, sc-52950) and anti-NICD (Santa Cruz Biotechnology, sc-6014) followed by horseradish peroxidase-conjugated secondary antibodies (Jackson Laboratories, 705-065-003) and chemiluminescent substrate (Supersignal West Pico; Pierce, 34080). Blots were reprobed with α-tubulin antibody (Sigma-Aldrich, T9026) as a loading control.

#### Cell Attachment Assay

Bone marrow cultures were treated as indicated for 9 days. MDA-MB-231 cells were loaded with Cell Tracker Green (5 μ[m;]{.smallcaps} Invitrogen, C2925) in serum-free DMEM for 1 h, washed, incubated in serum-free DMEM for an additional 1 h, washed, trypsinized, centrifuged, resuspended in serum-free DMEM at a cell density of 4 × 10^4^/ml, and applied to bone cell cultures. After 40 min of incubation, cultures were washed three times with serum-free DMEM and fixed with 10% formalin for 10 min before imaging.

#### Statistical Analysis

Data are presented as representative images, representative experiments, or as means ± S.E., with *n* indicating the number of independent experiments. Differences were assessed by Student *t* test and accepted as statistically significant at *p* \< 0.05.

RESULTS
=======

### 

#### Breast Cancer Cells Inhibit Differentiation of Osteoblasts and Stimulate Differentiation of Osteoclasts

We examined the effects of soluble factors produced by human metastatic breast cancer cells MDA-MB-231, human metastatic breast cancer cells MCF7, or mouse metastatic breast cancer cells 4T1 on the differentiation of osteoblasts and osteoclasts from precursors derived from mouse bone marrow. Bone marrow cells were treated with AA in the presence or absence of medium conditioned by MDA-MB-231 cells, MCF7 cells, or 4T1 cells for 9 days and examined for the expression of osteoblast differentiation marker ALP ([Fig. 1](#F1){ref-type="fig"}*A*, *upper*) and osteoclast differentiation marker TRAP ([Fig. 1](#F1){ref-type="fig"}*A*, *lower*). Medium conditioned by the MCF10A human breast epithelial cell line and MC3T3-E1 mouse preosteoblastic cell line were used as controls. Cultures treated with AA displayed robust ALP staining in osteoblastic nodules. In contrast, in cultures treated with AA in the presence of MDA-MB-231, 4T1, or MCF7 CM, the ALP-positive area was significantly reduced ([Fig. 1](#F1){ref-type="fig"}*B*, *left*), and the staining exhibited punctuated pattern localized in small clusters ([Fig. 1](#F1){ref-type="fig"}*A*, and [supplemental Fig. 1*A*](http://www.jbc.org/cgi/content/full/M110.114496/DC1)). Cultures treated with AA alone rarely contained visible osteoclasts. In contrast, treatment with MDA-MB-231, 4T1, or MCF7 CM induced the formation of four to nine large multinucleated osteoclasts/cm^2^. Because the numbers of visible osteoclasts were relatively low, we examined changes in area covered by TRAP-positive cells ([Fig. 1](#F1){ref-type="fig"}*A* and 1*B*, *right*) and found a significant increase in TRAP-positive area in MDA-MB-231 CM-treated cultures. Close investigation confirmed the identity of large, multinucleated TRAP-positive osteoclasts, typically located under a layer of osteoblastic cells ([supplemental Fig. 1*C*](http://www.jbc.org/cgi/content/full/M110.114496/DC1)). Both the inhibition of osteoblast differentiation and stimulation of osteoclast formation by MDA-MB-231 CM were sustained for 6--15 days of culture ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M110.114496/DC1)). Addition of MCF10A or MC3T3 CM did not affect osteoblast or osteoclast differentiation ([Fig. 1](#F1){ref-type="fig"}).

![**Breast cancer cells inhibit osteoblasts and stimulate osteoclasts.** Mouse bone marrow cells were grown for 3--15 days with AA (50 μg/ml) without additions (*open bars*) or in the presence of MDA-MB-231, 4T1, or MCF7 CM (10%, *shaded bars*) or controls MC3T3-E1 CM (10%) and MCF10A CM (10%). *A*, representative images of cultures treated with AA only (*AA*, *left*), with AA and MDA-MB-231 CM (*AA*+*231*, *center*), or with AA and MC3T3-E1 CM (*AA*+*3T3*, *right*), fixed on day 6--9, and stained for ALP (*red*, *upper*) or TRAP (*purple*, *lower*). Scanned are the wells of a 24-well plate. *B*, average area covered on day 9 by ALP-positive cells (*left*) and on day 6 by TRAP-positive cells (*right*). Treatment with MDA-MB-231, 4T1, or MCF7 CM significantly reduced ALP-positive osteoblast staining (*left*). Treatment with MDA-MB-231 CM significantly increased TRAP-positive osteoclast staining (*right*). Supplementation of cultures with AA and conditioned medium from MC3T3 or MCF10A did not produce significantly different results from treatment with AA alone. Data are means ± S.E. (*error bars*), *n* = 2--6 independent experiments, *p* \< *0.05*.](zbc0431034050001){#F1}

We next assessed whether the functional activity of osteoblasts and osteoclasts reflects their observed differentiation status. When AA-treated cultures were provided with a source of inorganic phosphate to induce mineralization, they developed mineralized nodules easily identified by Von Kossa staining ([Fig. 2](#F2){ref-type="fig"}*A*, *left*). Addition of MDA-MB-231 CM to these cultures prevented mineralization ([Fig. 2](#F2){ref-type="fig"}*A*, *right*) and induced significant and sustained decrease in expression of osteoblast differentiation markers, collagen-1, osterix, and Runx2 ([Fig. 2](#F2){ref-type="fig"}*B*, *left*), confirming inhibition of osteoblast differentiation by soluble factors produced by breast cancer cells. Moreover, treatment with 4T1 CM led to significant increases in the expression of cell proliferation markers, Cyclin A, Cyclin D1, and p53 ([Fig. 2](#F2){ref-type="fig"}*B*, *right*). To assess osteoclast functional activity, bone marrow cells were plated on dentin slices and treated for 9 days with either AA alone or a combination of AA and MDA-MB-231 CM. Whereas cultures treated with AA alone did not exhibit osteoclastic resorption ([Fig. 2](#F2){ref-type="fig"}*C*, *left*), numerous resorption pits were identified in cultures treated with AA and MDA-MB-231 CM ([Fig. 2](#F2){ref-type="fig"}*C*, *right*). We quantified the gene expression of osteoclast differentiation markers cathepsin K, TRAP, and MMP-9 by real-time PCR. Treatment with MDA-MB-231 CM induced a significant and marked increase in expression of TRAP and especially MMP-9, whereas expression of cathepsin K was increased but did not reach a change of statistical significance ([Fig. 2](#F2){ref-type="fig"}*D*).

![**Breast cancer cells maintain osteoblasts in an immature state and induce differentiation of functional osteoclasts.** *A*, bone marrow cells were grown for 12 days with AA (50 μg/ml) and β-glycerophosphate (10 m[m]{.smallcaps}) in the absence (*left*) or presence of MDA-MB-231 CM (10%, *right*). The cultures were fixed and stained for ALP (*red*) and mineralized deposits (*black*). *Scale bar* is 100 μm. *B*, bone marrow cells were grown for 3--9 days with AA (50 μg/ml) in the absence or presence of MDA-MB-231 CM (10%, *left*) or 4T1 CM (10%, *right*). Expression of *Collagen-1* (*Coll-1*), *osterix* (*Osx*), and *Runx2* was analyzed on day 3 (*gray*) or 9 (*black*). Expression of *Cyclin A* (*CA*), *Cyclin D1* (*CD1*), and *p53* was analyzed on day 9. Data are means ± S.E. (*error bars*), normalized to expression of β-*actin* (*left*) or *GAPDH* (*right*), and presented relative to levels observed in AA only samples (*dashed line*), *n* = 3--5 independent experiments, *p* \< *0.05. C*, bone marrow cells were grown for 9 days on dentin slices with AA (50 μg/ml) in the absence (*left*) or presence of MDA-MB-231 CM (10%, *right*), then the cells were removed, and dentin was stained with toluidine blue to reveal resorption pits. *Scale bars* represent 100 μm. *D*, expression of *Cathepsin K* (*Cat K*), *TRAP*, and *MMP-9* was analyzed on day 9. Data are means ± S.E., normalized to expression of β-*actin*, and presented relative to levels observed in AA only samples (*dashed line*), *n* = 4--6 independent experiments, *p* \< *0.05. E*, bone marrow cells were grown for 9 days with AA (50 μg/ml) in the absence or presence of MDA-MB-231 CM (10%). The parallel samples were fixed, stained with DAPI nuclear stain, and the cell density was estimated (*left*). The rate of apoptosis was estimated as a proportion of cells demonstrating nuclear fragmentation from the total number of cells analyzed (*center*). Cell proliferation was measured by BrdU incorporation (*right*). Data are means ± S.E., *n* = 3--5 independent experiments, *p* \< *0.05*.](zbc0431034050002){#F2}

It is conceivable that the effect of breast cancer cells on osteoblast may be due to induction of cell death rather than inhibition of differentiation. We have found that the average cell density was not significantly different in cultures treated with AA alone or a combination of AA and MDA-MB-231 CM ([Fig. 2](#F2){ref-type="fig"}*E*, *left*). Nevertheless, cultures treated with AA and MDA-MB-231 CM exhibited significant increase in nuclear fragmentation and loss of membrane integrity compared with cells treated with AA alone ([Fig. 2](#F2){ref-type="fig"}*E*, *middle*). In addition, cultures treated with MDA-MB-231 CM demonstrated an increase in the number of cells positive for early apoptosis marker, annexin-5 (from 6 ± 4% in control cultures, to 14 ± 2% in MDA-MB-231 CM-treated cultures, *n* = 2 independent experiments). Cell proliferation, as assessed using a BrdU incorporation assay, was not significantly different in cultures treated with AA and MDA-MB-231 CM compared with treated with AA alone ([Fig. 2](#F2){ref-type="fig"}*E*, *right*). Thus, although MDA-MB-231 CM induced higher apoptosis rates in bone cells, it resulted only in relatively small changes in the total numbers of cells in culture.

Because the cultures were not treated with exogenous osteoclastogenic factors, we assessed whether breast cancer-derived factors affect the expression of RANKL and OPG by osteoblasts. We have found that MDA-MB-231 CM induced a 3-fold increase in RANKL expression level and a 30% decrease in OPG expression level ([Fig. 3](#F3){ref-type="fig"}*A*). Immunoblotting further confirmed significant increase in the protein levels of RANKL in MDA-MB-231 CM-treated cultures ([Fig. 3](#F3){ref-type="fig"}*B*).

![**Breast cancer cells induce osteoclastogenic change in RANKL/OPG expression.** Bone marrow cells were grown for 9 days with AA (50 μg/ml) in the absence (*AA*, *open bars*) or presence of MDA-MB-231 CM (10%, *AA*+*231*, *filled bars*). *A*, expression of *RANKL* and *OPG* normalized to expression of β-*actin* and presented relative to levels observed in cells grown with AA+231 for RANKL and AA only for OPG. Data are means ± S.E. (*error bars*), *n* = 5 independent experiments, *p* \< *0.05. B*, RANKL protein level assessed by immunoblotting in whole cell lysates. Shown is a representative immunoblot with α-tubulin as a loading control.](zbc0431034050003){#F3}

#### Notch Signaling Is Stimulated in Bone Cells by Breast Cancer-derived Factors

The role of Notch signaling in the inhibition of osteoblast differentiation has been firmly established ([@B37]). We assessed the status of this signaling pathway in osteoblastic cultures exposed to breast cancer-derived factors. Localization of the cleaved NICD was examined by immunofluorescence. Cultures treated only with AA exhibited little nuclear staining ([Fig. 4](#F4){ref-type="fig"}*A*, *left*), whereas treatment with MDA-MB-231 CM resulted in the appearance of the nuclear staining of the NICD ([Fig. 4](#F4){ref-type="fig"}*A*, *center*). Quantification of the intensity of nuclear staining for NICD demonstrated a significant increase in nuclear localization of the NICD in MDA-MB-231 CM-treated cultures compared with cultures treated with AA alone ([Fig. 4](#F4){ref-type="fig"}*A*, *right*). The increase in nuclear NICD was confirmed by immunoblotting ([Fig. 4](#F4){ref-type="fig"}*B*, *left*). NICD direct transcriptional targets Hey-1 and Hes-1, and Notch ligand Jag-2 exhibited a trend toward higher expression in cultures treated with breast cancer-derived factors, whereas Notch ligand Delta-1 was significantly higher in cultures treated with breast cancer-derived factors ([Fig. 4](#F4){ref-type="fig"}*B*, *right*). Wnt and Notch signaling are known to cross-talk; therefore, we assessed the activation of β-catenin using immunofluorescence. MDA-MB-231 CM-treated cultures exhibited significantly less nuclear intensity for β-catenin compared with control cultures ([Fig. 4](#F4){ref-type="fig"}*C*), confirming the inhibition of Wnt signaling by breast cancer factors.

![**Notch signaling pathway is stimulated in bone cells by breast cancer-derived factors.** Bone marrow cells were grown for 9 days with AA (50 μg/ml) in the absence (*AA*, *open bars*) or presence of MDA-MB-231 CM (10%, *AA*+*231*, *black bars*). *A*, NICD localization was assessed by immunofluorescence (*green*), and nuclei were stained using DAPI (*blue*). *Left* and *center*, representative images of negative (*left*) and positive (*center*) nuclear staining for NICD are shown. *Scale bar* is 20 μm. *Right*, nuclear intensity of NICD is quantified. Data are means ± S.E. (*error bars*), *n* = 3 independent experiments, *p* \< *0.05. B*, *left*, NICD level was assessed by immunoblotting in nuclear extracts and whole cell lysates. Shown is a representative immunoblot with α-tubulin as a loading control. *Right*, expression of the transcriptional targets of the NICD, *Hey-1* and *Hes-1*, and Notch ligands *Jag-2* and *Delta1* (*Dta1*) was analyzed on day 9. Data are means ± S.E., normalized to expression of β-*actin* for *Hey-1* and *Hes-1* or *GAPDH* for *Jag-2* and *Delta1* and presented relative to levels observed in cells grown with AA only (*dashed line*), *n* = 3 independent experiments. *C*, nuclear intensity of β-catenin (β-*Cat*) is shown. Data are means ± S.E., *n* = 3 independent experiments, *p* \< *0.05. D*, bone marrow cells were grown for 9 days with AA (50 μg/ml), MDA-MB-231 CM (10%), and the following inhibitors (*gray bars*): OPG (500 ng/ml), LiCl (10 m[m]{.smallcaps}), SB216763 (*SB*, 10 μ[m]{.smallcaps}), DAPT (100 n[m]{.smallcaps}), or CE (100 n[m]{.smallcaps}). The parallel samples were fixed and stained for ALP or TRAP. *Left*, area covered by ALP-positive cells was normalized to the samples grown with AA only. *Right*, number of TRAP-positive osteoclastic cells was counted in the same experiments. Data are means ± S.E., *n* = 3--6 independent experiments except for OPG and LiCl data, where *n* = 3 replicates; *different letters* indicate significant difference at *p* \< *0.05*.](zbc0431034050004){#F4}

To investigate the roles of NOTCH and Wnt pathways in the effects of breast cancer-derived factors on osteoblast and osteoclast differentiation, we employed pharmacological inhibitors of both pathways. We treated bone marrow cells for 9 days with AA alone or with AA and MDA-MB-231 CM (10%) together with glycogen synthase kinase inhibitors LiCl or SB216763, or γ-secretase inhibitors DAPT or CE, and examined the expression of osteoblast marker ALP and osteoclast marker TRAP. Glycogen synthase kinase inhibitors were unable to rescue osteoblast differentiation ([Fig. 4](#F4){ref-type="fig"}*D*, *left*). Moreover, treatment with SB216763 induced an additional increase in osteoclast numbers ([Fig. 4](#F4){ref-type="fig"}*D*, *right*). Although inhibitors of γ-secretase partially rescued MDA-MB-231 CM-induced osteoblast inhibition ([Fig. 4](#F4){ref-type="fig"}*D*, *left*), their effect was relatively minor, and it was not observed in cultures treated with 4T1 and MCF7 CM ([supplemental Fig. 2](http://www.jbc.org/cgi/content/full/M110.114496/DC1)). However, both γ-secretase inhibitors completely prevented the stimulation of osteoclast formation by breast cancer-derived factors ([Fig. 4](#F4){ref-type="fig"}*D*, *right*). Addition of exogenous OPG blocked osteoclast formation but further stimulated the inhibition of osteoblast differentiation ([Fig. 4](#F4){ref-type="fig"}*F*). Moreover, antagonizing the TGFβ pathway, which was previously suggested as a mediator of antiosteoblastic effects of breast cancer cells ([@B15]), was ineffective in preventing MDA-MB-231 CM-induced osteoblast inhibition ([supplemental Fig. 3](http://www.jbc.org/cgi/content/full/M110.114496/DC1)).

#### Exposure to Breast Cancer-derived Factors Enhances Subsequent Breast Cancer Cell Attachment to Immature Osteoblasts

Because bone cells have been shown to be critical players in mediating stem cell attachment to the hematopoietic bone marrow niche ([@B13], [@B38], [@B39]), we investigated how exposure to soluble factors produced by breast cancer cells may affect the direct interaction of breast cancer cells with bone cells. Bone marrow cultures were treated for 9 days with AA alone or with a combination of AA and MDA-MB-231 CM, and then MDA-MB-231 cells labeled with Cell Tracker Green were incubated for 40 min on top of bone cells. Although some breast cancer cells adhered to mature osteoblasts in cultures treated with AA alone ([Fig. 5](#F5){ref-type="fig"}*A*, *left*), markedly more breast cancer cells attached to immature osteoblast precursors in AA and MDA-MB-231 CM-treated cultures ([Fig. 5](#F5){ref-type="fig"}*A*, *center*). Notably, the breast cancer cells did not attach to osteoclasts ([Fig. 5](#F5){ref-type="fig"}*A*, *right*). Quantification confirmed that the treatment with MDA-MB-231 CM significantly increased subsequent attachment of breast cancer cell to bone cells ([Fig. 5](#F5){ref-type="fig"}*B*). Treatment with OPG or glycogen synthase kinase inhibitors LiCl or SB216763 did not interfere with cancer factor-induced breast cancer cell attachment to bone cells ([Fig. 5](#F5){ref-type="fig"}*B*). In contrast, treatment with γ-secretase inhibitor DAPT or CE fully reversed the MDA-MB-231 CM-induced breast cancer cell attachment to osteoblasts ([Fig. 5](#F5){ref-type="fig"}*B*). In the absence of conditioned medium, neither DAPT nor CE affected cancer cell attachment to bone cells ([Fig. 5](#F5){ref-type="fig"}*B*).

![**Exposure to breast cancer-derived factors enhances subsequent breast cancer cell attachment to immature osteoblasts.** Bone marrow cells were grown for 9 days with AA (50 μg/ml) in the absence (*AA*, o*pen bars*) or presence of MDA-MB-231 CM (10%), combined with vehicle (*AA*+*231*, *black bars*) or the following inhibitors (*gray bars*): OPG (500 ng/ml), LiCl (10 m[m]{.smallcaps}), SB216763 (*SB*, 10 μ[m]{.smallcaps}), DAPT (100 n[m]{.smallcaps}), or Compound E (*CE*, 100 n[m]{.smallcaps}). The MDA-MB-231 cells were labeled with Cell Tracker Green and added to bone marrow cultures for 40 min, and then the cultures were washed to remove nonattached cells, fixed, and analyzed. *A*, representative images demonstrate attachment of breast cancer cells (*green*) to mature osteoblasts (*OB*) in cultures treated with AA only (*left*); to immature osteoblast precursors (*pOB*) in cultures treated with AA and MDA-MB-231 CM (*center*); or to osteoclasts (*OC*, *white outline*) in cultures treated with AA and MDA-MB-231 CM (*right*). *Scale bar* is 20 μm. *B*, significantly more breast cancer cells attached to bone marrow cultures treated with AA and MDA-MB-231 CM compared with cultures treated with AA alone. Inhibitors of γ-secretase DAPT and CE prevented this effect of MDA-MB-231 CM, whereas glycogen synthase kinase inhibitors and OPG were ineffective. Data are means ± S.E. (*error bars*), *n* = 2--6 independent experiments; *different letters* indicate significant difference at *p* \< *0.05. C*, bone marrow cells were grown for 9 days with AA (50 μg/ml) in the absence (*AA*, *open bars*) or presence of 4T1, MCF7, or MCF10A CM (10%), either alone (*CM*, *black bars*) or with γ-secretase inhibitors DAPT (100 n[m]{.smallcaps}) or CE (100 n[m]{.smallcaps}). The same cells as were used for CM treatment were labeled with Cell Tracker Green and added to bone marrow cultures for 40 min. Treatment with 4T1 or MCF7 CM significantly increased attachment of these cells to bone marrow cultures, which was inhibited by γ-secretase inhibitors. Data are means ± S.E., *n* = 3 independent experiments, *p* \< 0.05.](zbc0431034050005){#F5}

In keeping with the effects of MDA-MB-231-derived factors, MCF7 and 4T1 cells were also found to produce soluble factors that significantly increase the subsequent attachment of these breast cancer cells to bone cells, an effect that was drastically inhibited by DAPT or CE ([Fig. 5](#F5){ref-type="fig"}*C*). In contrast, the normal breast epithelial cell line MCF10A was not effective in promoting cell attachment to osteoblasts ([Fig. 5](#F5){ref-type="fig"}*C*).

DISCUSSION
==========

This study demonstrates that soluble factors produced by breast cancer cells inhibit osteoblast differentiation while stimulating osteoclast differentiation. In addition to establishing an osteolytic environment, this change in bone cells also supports the subsequent attachment of breast cancer cells to immature osteoblasts. We have identified γ-secretase as a critical mediator of these effects. Pharmacological inhibition of γ-secretase completely reversed cancer-induced osteoclastogenesis and enhancement of cancer cell attachment, providing a potential therapeutic target capable of reducing both the homing and progression of cancer metastases to bone.

Because of the usually osteolytic nature of breast cancer metastases in bone, the effects of breast cancer cells on osteoclasts have been studied extensively; however, much less attention has been given to the interactions of breast cancer cells with osteoblasts. Using osteoblastic cell lines, primary calvarial osteoblasts, or co-cultures of separately isolated osteoblastic and osteoclastic cells, it has been shown that breast cancer cells inhibit osteoblast differentiation ([@B15], [@B17], [@B18]), induce osteoblast apoptosis ([@B15], [@B16]), and increase the production of pro-osteoclastic factors by osteoblasts ([@B22], [@B23]). To model the cell types and interactions potentially encountered by tumor cells in the bone microenvironment more accurately, we have developed a unique culture system that allows for monitoring the differentiation of osteoblasts and the osteoblast-dependent differentiation of osteoclasts directly from bone marrow cells. This model has allowed us to investigate complex interactions among osteoblasts, osteoclasts, and cancer cells. We have shown that although breast cancer cells induce osteoblast apoptosis, this effect may be countered by cell proliferation, resulting in maintenance of sufficient pool of osteoblastic cells acting as a source of proresorptive factors. We have confirmed that in the presence of breast cancer cells, immature osteoblasts up-regulated the production of RANKL and down-regulated the production of OPG. This can be due to direct effect of breast cancer cells on osteoblasts, or it can be a consequence of osteoblast differentiation status because it has been shown before that immature osteoblasts produce more RANKL and less OPG compared with more mature cells ([@B40][@B41; @B42][@B43]).

Inhibition of osteoblastogenesis combined with a stimulation of osteoclastogenesis by the soluble factors produced by breast cancer cells induced a significant shift in the bone microenvironment toward (i) more supportive environment for the homing of arriving cancer cells and (ii) more osteolytic milieu for the further growth of tumors at the bone site. The ability of breast cancer cells to modify the distant microenvironment of the bone tissue is consistent with the notion of a premetastatic niche ([@B9]). The involvement of osteoblasts in the maintenance of the hematopoietic stem cell niche is long recognized ([@B13], [@B38], [@B39]). It has been speculated that in the metastatic niche tumor cells take advantage of the stem cell habitat in the bone marrow ([@B14]), thus equating hematopoietic stem cell niche with the metastatic niche. We have shown that not only can osteoblasts directly support the attachment of breast cancer cells, but also that breast cancer cells can augment this property of the osteoblasts while acting distantly. These findings are consistent with the role of osteoblasts as a part of a premetastatic niche permitting the attraction of tumor cells and their incorporation into the niche. Cancer cells attached preferentially to younger, more immature osteoblasts, suggesting that the increase in cancer cell attachment is likely a combination of direct effect of breast cancer cells on osteoblasts and indirect consequence of osteoblast differentiation status. Breast cancer cells never attached to osteoclasts, and inhibition of osteoclast formation using OPG did not prevent breast cancer factor-induced increase in breast cancer attachment to osteoblasts. However, osteoclasts still appear to play a role in these effects of breast cancer cells. First, soluble factors produced by breast cancer cells induced a 20-fold increase in the expression of an osteoclastic gene MMP-9, which was previously shown to be associated with the premetastatic niche ([@B10]). Second, the inhibition of a breast cancer factor-induced increase in breast cancer attachment to osteoblasts correlated with a strong inhibition of osteoclast formation, but the stimulation of osteoblastogenesis was not required, suggesting supportive action of osteoclasts in breast cancer attachment. Thus, we demonstrated that soluble factors produced by breast cancer introduce changes in osteoblasts and osteoclasts consistent with the establishment of a premetastatic niche.

To assess the potential mediators of the effect of breast cancer cells on osteoblast and osteoclast precursors, we considered the involvement of pathways known to affect osteoblast and osteoclast differentiation, including Wnt, TGFβ, and Notch. Wnt signaling is an essential pathway in osteogenesis ([@B44]), which has been shown to play a critical role in myeloma bone metastases ([@B45]) and was shown to be altered in the breast cancer bone metastases model ([@B18]). TGFβ is well known to play an important role in promoting tumor progression specifically in models of MDA-MB-231 breast cancer metastasis ([@B46][@B47; @B48][@B49]) and has been suggested to mediate the inhibitory effects of breast cancer cells on osteoblasts ([@B15]). Notch signaling has recently been identified as a key mediator of bone formation ([@B6]) and a mediator of osteosarcoma ([@B32]). Notch signaling is also implicated in regulation of osteoclastogenesis ([@B50], [@B51]). We have shown that normalizing Wnt signaling or antagonizing TGFβ signaling did not interfere with the effects produced by the breast cancer-derived factors on bone cells. In contrast, inhibition of γ-secretase, a key enzyme mediating Notch signaling, resulted in the full reversal of breast cancer-induced osteoclastogenesis and enhancement of cancer cell attachment. Although the inhibition of Notch signaling also resulted in a partial rescue of MDA-MB-231-induced inhibition of osteoblast differentiation, this effect was relatively minor and not reproduced when different breast cancer cells, MCF7 and 4T1, were employed. The ineffectiveness of inhibitors of γ-secretase in fully rescuing osteoblastic phenotype suggests that RANKL/OPG expression and the promotion of tumor cell attachment in osteoblasts may be regulated independently from differentiation. These data may also suggest an important role for osteoblast-independent interactions, such as the direct effects of breast cancer cells on osteoclast differentiation ([@B26], [@B27]). It is also possible that the main target of γ-secretase inhibitors is in osteoclasts, rather than osteoblasts, implicating osteoclasts in control of breast cancer cell attachment to bone, in line with the previously shown involvement of osteoclasts in the regulation of the hematopoietic stem cell niche ([@B52]).

Thus, our study suggests the critical role of γ-secretase in the homing and establishment of osteolytic bone metastases from breast cancer. Complete reversal of key prometastatic events such as cancer-induced enhancement of cancer cell attachment and osteoclastogenesis by inhibition of γ-secretase provides a robust therapeutic target to develop drugs potentially capable of reducing both the homing and progression of cancer metastases to bone.

Supplementary Material
======================

###### Supplemental Data

This work was supported by the Institute for Musculoskeletal Health and Arthritis/Canadian Institute for Health Research.

The on-line version of this article (available at <http://www.jbc.org>) contains [supplemental Figs. 1--3](http://www.jbc.org/cgi/content/full/M110.114496/DC1).

The abbreviations used are: MMP-9matrix metalloproteinase-9AA[l]{.smallcaps}-ascorbic acidALPalkaline phosphataseCECompound ECMconditioned mediumNICDnotch intracellular domainOPGosteoprotegerinRANKLreceptor activator of NF-κB ligandTRAPtartrate-resistant acid phosphatase.

We thank Dr. P. Siegel and Dr. M. T. Kaartinen, McGill University, for providing cell lines used in this study and Quyen Su for help in preliminary data analysis.

[^1]: Supported by the Canadian Institute for Health Research Training Program in Skeletal Health Research and by McGill University.

[^2]: Supported by the Canadian Institute for Health Research Training Program in Skeletal Health Research, the Canadian Arthritis Network, and les Fonds de la Recherche en Santé du Québec.
